Abstract People with inflammatory bowel disease (IBD) are at risk for developing colorectal cancer, and this risk increases at a rate of 1% per year after 8
H MRS and histology were performed on ex vivo colonic samples, and the 1 H MR spectra were analyzed using a statistical classification strategy (SCS). The histological and/or MRS studies revealed that different dietary fatty acids modulate colonic inflammation differently, with high-fat corn oil being the most inflammatory and high-fat flaxseed oil the least inflammatory. 1 H MRS is capable of identifying the biochemical changes in the colonic tissue as a result of inflammation, and when combined with SCS, this technique accurately differentiated the inflamed colonic mucosa based on the severity of the inflammation. This indicates that MRS could serve as a valuable adjunct to histology in accurately assessing colonic inflammation. Our data also suggest that both the type and the amount of fatty acids in the diet are critical in modulating IBD.
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Introduction
Inflammatory bowel disease (IBD) is a very common condition in industrialized countries, including North America.
It is estimated that about 1.4 million people in the US and 2.2 million people in Europe suffer from IBD [1] . The exact cause and pathogenesis of IBD are not known; however, the interplay of genetic, environmental and immune factors is considered to be involved in its causation. Many epidemiological and experimental studies have pointed out that there is a strong connection between diet and IBD. A diet that is particularly rich in x-6 fatty acids and saturated fats is one of the major environmental factors implicated in the etiology of IBD [2] . Conversely, x-3 polyunsaturated fatty acids (PUFAs) have been considered to be partially agonistic compared to x-6 PUFAs and may confer therapeutic benefit in IBD [3, 4] . IBD is not a point event; it is a continuum of a disease process with remitting and relapsing course. People with long-standing IBD have a significant risk of developing colorectal cancer, and this risk increases at the rate of 1% per year after 8-10 years of the disease [5] . As such, early diagnosis and intervention can help prevent the progression of IBD to colon cancer. Currently, the data from experimental or randomized trials on the benefits of pharmacologic or dietary intervention on this window between IBD and colon cancer are very limited. Presently, colonoscopy with biopsy of grossly inflamed and random parts of the colon is the gold standard for diagnosing IBD. However, it is known that in the diseased state, biochemical and physiological changes precede the histological manifestations of the disease, and as such, the technique exploiting metabolic abnormalities may be suitable to aid in early diagnosis. One such technique that can provide extensive biochemical information from tissue samples is proton magnetic resonance spectroscopy ( 1 H MRS) [6, 7] . MRS makes use of magnetic properties of atomic nuclei and provides information about the molecular structures of biochemicals/biomolecules. It is non-destructive, quantitative and highly reproducible. It has been utilized in lipid analysis of intact tissues and their aqueous/organic extracts as well as dietary fats due to its unique advantage in differentiating various lipid classes without the need for any chemical modification [8] [9] [10] [11] . It has been used as an alternative to conventional techniques such as gas chromatography (GC) and/or high-performance liquid chromatography (HPLC) for the analysis of lipids from various biological specimens and dietary fats [8, 11] . It has been shown that the accuracy of MRS-based lipid analysis is comparable to that of GC and/or HPLC [9] . Although recent developments in MRS technology, such as high-resolution magic angle spinning (HR MAS), have greatly simplified the spectral data obtained from tissues/ biopsied samples, the spectra are still very complex and require specialized methods for thorough data analysis [12] . The pattern recognition methods have proven to be valuable in the classification of biomedical data. These methods are being used in discriminating data obtained from humans and laboratory animals in pathologic and healthy states and have shown diagnostic value [13, 14] . In this study, we are using a statistical classification strategy (SCS)-a pattern recognition methodology developed in-house-for the data analysis. SCS methodology has been used for the classification of MRS data in biomedical applications [15, 16] . The study is based on the hypothesis that various dietary fatty acids modulate colonic inflammation differently and that 1 H MRS combined with SCS methodology has the potential to detect changes in the colonic metabolite profile induced by these dietary fatty acids.
Materials and Methods
Forty 3-4-week-old male Sprague-Dawley rats (Charles River, Canada) were used for this study. The rats were kept on a basic laboratory chow for 2 weeks before starting the study. For the 2-week duration of the study, the animals were divided into two major groups with 20 animals in each group. The animals in both groups were further divided into four subgroups (five animals in each subgroup) depending upon the composition of fatty acids in their diet. Low-fat corn oil (LFC) subgroup animals received an AIN 76A diet containing 5% corn oil; the high-fat corn oil (HFC) subgroup received 23% corn oil; the high-fat flaxseed oil (HFF) subgroup animals received 14% corn oil with 9% flaxseed oil; the high-fat beef tallow (HFB) subgroup received 5% corn oil with 18% beef tallow. The detailed composition of the diet mixture for each subgroup is provided in Table 1 . The amount of cellulose (as Cellufil), vitamin mix, mineral mix and casein in the diet was adjusted to ensure that animals were fed isocaloric diets. In addition, all the animals in group 1 were fed with 2% carrageenan in their diet for the entire 2-week period of the study. Carrageenan is an extract of red seaweed and has been shown to cause colon-specific inflammation. The animals in group 2, however, were not fed with carrageenan. The grouping of animals is schematically depicted in Fig. 1 . Table 2 lists the detailed percent fatty acid composition of the different diet groups.
All the animal housing, specialized feeding and sample collection procedures were undertaken at the animal facility in the Department of Biology, University of Waterloo. At the end of 2 weeks, the animals were euthanized using the CO 2 asphyxiation method. This project was approved by the animal care committee at the Institute for Biodiagnostics, National Research Council of Canada and the University of Waterloo. The colon of each animal was excised after euthanizing the animal. The mucosal layer of the colon was scraped off using a glass slide by the method previously described by Briere et al. [17] . The mucosal samples were coded and stored in cryovials containing phosphate-buffered saline in deuterium oxide (PBS/D 2 O) medium at -70°C. These coded cryovials were shipped on dry ice to the National Research Council of Canada, Winnipeg, for MRS and histological assessment.
H MRS Analysis
One-Dimensional Experiments
For 1 H MRS experiments, the samples were thawed and cut into 5-7-mm-long pieces along the longitudinal axis of the colon. This yielded 18-20 samples from each animal.
1 H MRS was conducted on alternate samples from each animal. Thus, a total of 119 spectra from group 1 and 127 spectra from group 2 were generated for our study. Each piece from the colon was counted as an independent observation for both MR analysis and histology. This was done as it is known that IBD can be very focal and does not involve all the parts of the colon in a consistent manner. This holds true in the clinical setting too as not all of the biopsies taken during a single colonoscopy at a single point of time show IBD-related changes. As we were comparing MR spectra from each piece with the histology of that piece, we found it more appropriate to compare the pieces as separate samples rather than group them together per animal.
The sample preparation technique used for conducting 1 H MRS was similar to the technique described by Kuesel et al. [18] . Briefly, the colon sample was placed in a glass 1 H MRS was conducted on these samples using a Bruker Avance 360 MHz spectrometer at 25°C with presaturation of the water signal. The acquisition parameters included: 90°pulse at 9.30 ls, number of scans = 256, spectral width = 4,990.02 Hz, relaxation delay = 3 s and time domain data points = 8 k. The samples were fixed in 10% neutral buffered formalin immediately after 1 H MRS experiments for histological assessment. Since the experimental time was only *16 min, and the spectra were recorded without sample spinning, any mechanical damage to the tissue should be precluded.
Two-Dimensional MRS Experiments
1 H-1 H correlated spectroscopy (COSY) experiments using gradient pulses were performed on representative colon mucosal samples to unambiguously identify the metabolites whose signals were overlapping in one-dimensional (1D) spectra or were present at very low concentration. The acquisition parameters used were: spectral width = 4,990.02 Hz in both dimensions; time domain data points = 2,048; number of free induction decays (FIDs) with t 1 increments = 256; relaxation delay = 1 s and number of transients = 128. The resulting data were zero filled to 1,024 points in the t 1 dimension and Fourier transformed along both dimensions after multiplying the data by sine-bell window function shifted by p/ 2 .
Gas Chromatography
Fatty acid composition of dietary fats used in this study was analyzed by GC following the method described in AOCS-Official methods and protocols [19] . In brief, samples of all dietary groups underwent fat extraction/evaporation cycles using a mixture (1:1, v/v) of HPLC grade chloroform and methanol (Fisher Scientific Limited, Nepean, ON, Canada). Total amount of fat extracted from each dietary lipid was weighed before GC analysis. To 50 ll of extracted fat, 1 ll isooctane containing an exact amount of internal standard (C17: 1) and 12 ml 2% H 2 SO 4 in methanol were added. The resulting mixture was heated with vortex for 2 h at 65-70°C to obtain a monophase system. After cooling to room temperature, 6 ml isooctane and 6 ml distilled water were added, stirred and allowed to stand. One milliliter of the upper clear layer of the esterified sample was subjected to automated GC analysis. In addition to the internal standard, we also ran a mixture of standard fatty acid methyl esters (Sigma Chemicals Co., St. Louis, MO) to ensure that the fatty acids are identified appropriately. The contribution of individual fatty acids to the dietary fat was calculated with reference to the internal standard.
Histology
Histology was performed on representative animals from both groups 1 and 2, using the same tissue used for the MRS experiment. Each sample was coded to avoid analysis bias, fixed in 10% neutral buffered formalin and finally embedded into paraffin blocks. The paraffin blocks were cut into 5-lm-thin sections and collected on coated glass slides. The sections were stained with hematoxylin and eosin (H&E) stain and examined at 609 magnification under a light microscope. Cellularity, crypt architecture and fibrosis were the broad criteria used for grading inflammation in the samples. Predominantly, the density of lymphocytes (represented by an arrow in Fig. 3 ) within the surface epithelium, lamina propria and invasion within the crypt epithelium were considered when assessing increased Abbreviations are the same as in Table 1 cellularity. Destruction of crypt architecture (represented by a star in Fig. 3 ) by inflammatory cells and formation of crypt abscess were assessed under architecture. Fibrosis (represented by an arrowhead in Fig. 3 ) denoting chronicity of the inflammatory process was also assessed. When assessing each sample, these criteria were independently assigned mild, moderate or severe grade, and then a compiled composite score was given to the sample. The degree of inflammation was graded based on the proportion of the total sample inflamed. If 30% or less of the total section was inflamed, it was graded as mild. Sections having 30-60% inflammation were graded as moderate, and those with over 60% inflamed area were graded as having severe inflammation.
Statistical Classification Strategy
The statistical classification strategy (SCS) [16] is comprised of several stages, and depending on the data, some or all of the stages may be invoked. We employed the following stages:
Preprocessing All spectra were subjected to normalization (scaling to unit area), smoothing and peak alignment (with respect to the external reference, TSP). This step also involves transformations (e.g., forming derivatives or ranking the spectral intensities). Only the subregion 0.5-4.5 ppm (1,184 data points) was used for SCS analysis. This region was selected to avoid artifacts due to the residual water signal at 4.7 ppm and also the external reference (TSP) peak at 0 ppm. Finally, the resultant 1,184-point spectra were rankordered to eliminate baseline differences between the spectra (The actual intensity values were replaced by their ranks to eliminate or reduce the influence of excessively large resonance intensities.)
Feature Selection/Extraction
The feature selection/extraction is a genetic-algorithmbased optimal region selection algorithm (GA_ORS) that involves the reduction of feature space dimension but retains the spectral identity [16] . A small number of discriminatory subregions are selected from the spectra in which adjacent spectral intensities are averaged. In an extension of the feature selection method, the data are split randomly into a number (N, e.g., N = 50) of training-test set pairs; one half of the split is for the training set, the other half the test set. For each split, a set of features is determined using a simple classifier, in this case linear discriminant analysis (LDA). This process produces N feature sets (generally different), and a histogram is constructed of feature selection frequency. The features most frequently selected are the eventual inputs for the final classifier. This stage is essential for reliable classifier development. Subregions identified in this study have been listed in Tables 3 and 4 for groups 1 and 2 (with and without carrageenan treatment).
Classifier Generation
In this step, the subregions determined by histogramming form the feature set that is submitted to the ultimate classifier, also an LDA classifier. The classifier's coefficients are obtained by our bootstrap-inspired approach. This involves splitting the data randomly 5-10,000 times into training and test sets, determining the individual coefficients for LDA and using these to test the corresponding test sets. A weighted average of the above coefficients is taken, and weights are determined by the classifier's performances on the test sets.
Results Figure 2 shows the two-dimensional (2D) 1 H-1 H COSY spectrum of a typical colonic mucosa showing assignments for various metabolites.
1 H MR spectrum of the same sample is shown above the 2D plot. These assignments were also compared with those from recent reports [12, 20] . Owing to an extensive broadening of the lipid signals, the chemical shift region 2.70-2.90 ppm representing diallylic methylene protons [-CH=CH-(CH 2 -CH=CH) n -] was not well resolved. This obviates the identification of individual PUFAs present in the colonic mucosa. Similar observations were made in recent studies despite the use of advanced NMR techniques such as HR MAS [12, 20] . In addition to the lipid components, we have also detected choline-containing phospholipids such as phosphatidylcholine and other small molecules such as creatine, leucine, valine, lysine, alanine, threonine, aspartate, glutamine, glutamate, ethanolamine, uracil, tyrosine and phenylalanine.
SCS methodology was applied to the spectra obtained from colonic mucosa in three stages of the study. In the first stage, all the specialized dietary subgroups were compared with the LFC fed subgroup. The results of the first stage of SCS analysis from group 1 (treated with 2% carrageenan) and group 2 (not treated with carrageenan) are shown in Table 3 . In group 1, the classifier assigned the spectra to their respective groups with high accuracy ranging from about 91-100%. The lowest accuracy of 91% was seen for the comparison between the LFC-and the HFB-fed subgroups. In this comparison, 4 out of 32 spectra from the LFC subgroup were misclassified, and 2 out of 34 spectra from the HFB subgroup were misclassified. The spectral subregions identified by SCS as being discriminatory are listed in Table 3 . These regions could be attributed to the resonances due to the protons of the fatty acyl chain, creatine, leucine/isoleucine, valine and glyceryl protons of phospholipids. Similar observations were made for group 2 (see Table 3 ). The classification accuracy was very high, ranging from 96 to 100%. A major difference observed between the two groups was that creatine signals were found to be discriminatory in the classification of LFC and HFB in group 2, whereas glyceryl signals of phospholipids were found to be discriminatory in group 1 (for detailed assignments, see Table 3 ). The first stage of SCS analysis from group 1 and group 2 shows that dietary fat causes enough differences in the metabolite profile of rat colon that it can be discerned by SCS methodology. The results hold true when there is no extrinsic inflammatory agent and even when there is carrageenan-induced colonic inflammation. These differences could be due to difference in the amount of fatty acids, type of fatty acid or extent of inflammation within these groups. Therefore, the first stage of SCS analysis was followed by a second stage to assess if 1 H MRS could identify the differences between the effects of various dietary fats containing different fatty acids when keeping the total fat content in each dietary group constant.
In the second stage, the three specialized diet groups were compared against each other. All the animals in these three groups received 23% fat by weight in their diets; however, the type of fatty acid differed. The results of the second stage of SCS analysis of samples from groups 1 and 2 are shown in Table 4 .
1 H MRS combined with SCS analysis depicted an accuracy of 98-100% in classifying H MRS can detect subtle differences in the metabolite profile of colon when the animals receive the same amount but different types of fats. The stage 1 analyses showed that MRS combined with SCS can detect differences between the LFC subgroup and HFC, HFF and/or HFB subgroups. The combination of these two results shows that 1 H MRS can detect differences in the colon caused not only by different amounts but also different types of fatty acids. The metabolites found to be discriminatory in the SCS analysis included creatine, glyceryl signals of glycerophospholipids, glycerophosphoethanolamine, glutamic acid, total cholines and signals from fatty acyl chains, particularly, the allylic/diallylic methylene protons (-H 2 C-CH=CH-/-CH=HC-CH 2 -CH=CH-) including (-CH 2 -) chain, terminal -CH 3 , and -CH 2 -CH 2 -COO-groups. It is worthwhile to note that the diallylic methylene protons (-CH=CH-CH 2 -CH=CH-) are the predominant entities responsible for the classification of different dietary PUFAs in both groups 1 and 2. Metabolites resonating in the region 1.10-1.22 ppm could be assigned to the amino acids leucine/isoleucine and valine.
Having established that both the amount and type of dietary fat caused enough differences in the fatty acid profile of the rat colon and that 1 H MRS can accurately detect these changes, we proceeded to the third stage of analysis. The goal of this stage of analysis was to assess the accuracy of 1 H MRS in detecting changes in the metabolite profiles of the rat colons predominantly due to inflammation. For this, each subgroup in group 1 was compared to the corresponding subgroup in group 2 of our study. As shown in Table 5 , the SCS analysis was highly accurate in classifying the spectra from each subgroup in group 1 versus the corresponding subgroup in group 2. SCS identified resonances due to total cholines, creatine, valine, leucine, phosphatidylcholine, and methyl and diallylic methylene protons of the fatty acid chain as discriminatory. The representative sections of H&E-stained samples from each group are shown in Fig. 3 . Details of the criteria used to grade inflammation have been described in the Methods section. In group 1, sections from 21 out of 23 samples analyzed from the HFF subgroup were either not inflamed or had very mild inflammation. Similarly, out of 21 samples from the LFC subgroup, only 1 sample had Abbreviations are the same as in Table 1 Lipids (2010) 45:843-854 849 severe inflammation. On the other hand, all of the samples from HFB (n = 20) and HFC (n = 23) subgroups showed moderate to severe inflammation. Figure 4 shows the corresponding 1 H MR spectra of the colon tissue specimens whose histological sections are shown in Fig. 3 . Due to extensive broadening of the 1 H MRS signals, it was difficult to monitor the modulation in the levels of various dietary fatty acids. However, it is obvious from Fig. 4 that creatine and total-cholines are decreased with the severity of the inflammation. Such metabolic information supplements histological data, which in turn can help in the accurate diagnosis of inflammation. In group 2 animals, very mild or no inflammation was observed in all the sections examined (data not shown).
Discussion
The main objective of this work was to study the effect of various dietary lipids on the modulation of the colonic inflammation in an IBD model. We utilized 1 H MRS combined with pattern recognition methods such as SCS to study the above effect. Inflammatory reactions cause biochemical changes, and MRS has the potential to detect these changes before histological manifestations [21] . In our earlier studies, we have confirmed that 1 H MRS in combination with pattern recognition methods could be a valuable adjunct to histology for the assessment of tissue whose status is intermediate between normal and malignant [22, 23] . Hence, 1 H MRS could be used for indirectly assessing the inflammatory processes.
The data were analyzed in three stages to answer three specific objectives of our study, sequentially. The first step was to identify whether 1 H MRS was able to identify differences between a low-fat diet and different types of highfat diet in inflamed (group 1) and non-inflamed (group 2) colons. Those results showed that MRS was able to categorize the samples in their respective group with high sensitivity. Then the questions arose whether the differences seen were purely because of a difference in the amount of total fat in the diet or whether MRS was sensitive enough to categorize the samples accurately even when the same concentration, but different type of fatty acids was introduced in the diets. This led to stage 2 of the analyses where we compared the MR spectra from different high-fat diet groups against each other in both inflamed (group 1) and non-inflamed (group 2) colons. The results showed that 1 H MRS with SCS methodology was able to accurately classify the samples to their respective groups again. At this stage, we had confirmed the basic hypothesis of our overall project that different amounts and types of dietary fats affect the colon differently and that 1 H MRS is a sensitive technique to identify these differences. Therefore, we were at a stage where we could proceed to assess whether 1 H MRS could still categorize the samples with confidence when comparing the difference in inflammation between 'normal' and 'IBD-like' states of the colon. This was the reasoning for doing stage 3 of the analyses where we compared each dietary subgroup from the 'carrageenantreated' (group 1) with the corresponding subgroup from the 'non-carrageenan-treated' (group 2) separately. Since the dietary composition was the same, any differences seen in the MR spectra could be attributed to the difference in inflammation between the two subgroups. As we aim to eventually apply this methodology to assess the effect of different dietary fatty acids on modulation of inflammation in IBD, this was a critical step to confirm that 1 H MRS has the capability to categorize samples based on differences in the degree of inflammation.
The 1 H MRS signals found to be discriminatory in the SCS analysis included those from creatine, glyceryl signals of glycerophospholipids, glycerophosphoethanolamine, glutamine/glutamic acid, total cholines and parts of the fatty acyl chain, particularly the allylic/diallylic methylene protons. The implications of these metabolites are discussed herewith. Creatine is a metabolite that is found in normal tissues and serves as an energy reservoir. It is converted into phosphocreatine by adding a high energy phosphate bond in the presence of the enzyme creatine kinase. This is a reversible reaction, and whenever energy is needed, phosphocreatine is broken down to creatine while releasing the energy as ATP. Significant concentrations of creatine have previously been detected in human colonic mucosa [24] . The creatine kinase isoenzyme BB has been isolated from normal [25] and infracted colonic mucosa [26] . In an earlier study, the presence of significant amounts of creatine in normal colon tissue was attributed to a more developed muscular morphology of the colon [12] . In this study, we observed relatively high levels of creatine (2.88-3.10 ppm) in the LFC subgroup, whereas creatine was detected in negligible amounts in animals fed with HFC and HFB. However, the creatine levels were intact in the animals fed with HFF (Fig. 4) . These observations indicate that muscular morphology was not disturbed in the animals fed with HFF, whereas it was upset in animals fed with HFC/HFB. As colonic inflammation causes cellular damage, demand for the energy would be high, which may result in the depletion of creatine stocks in these cells.
The region around 2.7-2.8 ppm denotes diallylic methylene protons from PUFAs [9] . PUFAs are critical for maintaining the membrane structure and function of various cells in the body [27] . Linoleic acid is an abundant PUFA in the cell membrane and a precursor of arachidonic acid. Arachidonic acid is the precursor in the synthesis of many inflammatory mediators such as the products of lipoxygenase pathway LT B4 and LT C4. These inflammatory markers are increased in many disorders in the human body including IBD [28] . Nishida et al. [29] observed an increase in arachidonic acid concentration in the colonic mucosa of patients with ulcerative colitis. Nieto et al. [30] also observed an increase in linoleic acid concentration in the colonic mucosa of rats 2 weeks after inducing experimental colitis. The linoleic acid incorporated into colonic cells may be used to synthesize arachidonic acid and inflammatory mediators. The GI tract is well known to be affected by dietary lipids. Colonocytes have fatty acid synthase including in colorectal cancer [31] . A high-fat diet does affect eicosanoid production in colonic mucosa. However, we recognize that inflammation is mediated via a complex network of different cell types in the colon, and almost every cell type is affected in the body by dietary lipids [32, 33] . These changes in colonic mucosal lipid profile are similar in human ulcerative colitis as well as experimental colitis induced in animals. Using a gas chromatography technique, Hawthrone et al. [34] observed that the levels of unsaturated fatty acids, EPA and DHA increased in rectal mucosa after x-3 PUFA supplementation. A similar effect on the colonic fatty acid profile was seen by Bartoli et al. [35] in Sprague-Dawley rats after x-3 supplementation for 12 weeks. As mentioned earlier, due to extensive broadening of the 1 H MRS signals, we could not determine which specific PUFA contributed to the peak due to protons in the unsaturated region based solely on these spectra. We deduced that the predominant PUFA in a particular dietary group must have been responsible for the selection of the allylic/diallylic methylene protons peak as discriminatory (Tables 3 and 4) .
Glutamine is the major fuel for intestinal cells. Significant levels of glutamine were observed both in human colon [36] and rat colonic mucosa [37] . Glutamate acts as an excitatory neurotransmitter in the intestinal neuronal cells. Intense glutamate staining was observed in the neural plexuses of human colon. It is being postulated that glutamate regulates acetylcholine release and motility in the colon [38] . Glutamic acid is converted to c-aminobutyric acid by glutamic acid decarboxylase enzyme. Recently, it was shown that glutamic acid decarboxylase and c-aminobutyric acid are present in the lamina propria of colonic mucosa of rats and may be involved in maturation and differentiation of colonic epithelial cells [39] . In the present study, although we detected small amounts of glutamine/glutamate in colonic mucosa using 2D COSY experiments, they were overlapping with those of lipid signals. As a result, we were not able to quantify these metabolites.
The comparison between group 1 and group 2 spectra shows that 1 H MRS combined with SCS can differentiate between inflamed and non-inflamed samples from the animals fed the same amount and type of fatty acids. In this comparison, total cholines were found to be discriminatory in addition to the metabolites mentioned above. In this study, total cholines were decreased in HFC/HFB fed animals. Martin et al. [12] observed significant levels of phosphatidylcholine, creatine, glycerol and triglycerides in the normal colon. Phosphatidylcholine is the predominant phospholipid present in the lipid bilayer of cell membranes [40] and in the colonic mucosal lining [41] . It is synthesized via the CDP-choline pathway, and the final step of this de novo synthesis is catalyzed by cholinephosphotransferase [42, 43] . Cholinephosphotransferase has also been implicated in the synthesis of platelet-activating factor (PAF), which is an inflammatory mediator and necessary signal for steps in the inflammatory cascade such as platelet activation and increase in vascular permeability. The active species of PAF have been shown to increase significantly in mucosal biopsies from ulcerative colitis patients [44] . Levels of PAF in stool are even considered to be diagnostic and indicative of severity in patients with ulcerative colitis [45] . The decreased levels of phosphatidylcholine in animals with severe inflammation seen in our study could be due to increased levels of PAF in colonic inflammation. We speculate that the cholinephosphotransferase could be more active towards the synthesis of PAF under inflammatory conditions. As there is increased apoptosis and cell turnover in IBD, there is increased demand for phosphatidylcholine to repair and regenerate the cells in colonic mucosa. This may have also contributed to the decreased levels of phosphatidylcholine/ total cholines seen in our spectra, in line with earlier reports [14, 46, 47] .
The histological assessment of group 1 (Fig. 3 ) samples showed that both LFC and HFF may be protective against inflammation. It points to the fact that both the amount and type of fatty acids supplemented may be important in modulating colonic inflammation. HFC and HFB subgroups showed significant inflammation in our study. The HFC diet supplied a high concentration of x-6 fatty acids, which are pro-inflammatory and may have caused severe inflammation in that subgroup. The same trend holds true for the HFB diet, which supplies high amounts of saturated fats. On the contrary, the LFC diet, although it provides mainly x-6 PUFAs, did not have a high enough concentration of these PUFAs to manifest severe pro-inflammatory effects. In a randomized control trial on patients with IBD, Bamba et al. [48] observed that a low-fat diet induced remission in 80% patients as compared to only 25% in the high-fat diet group. Interestingly, the fat they supplemented in the diet was soybean oil, which has a significant amount of x-3 PUFAs. Similar effects were observed by Reddy et al. in a study on colon cancer [49] . They showed that rats fed with 20% corn oil had a significantly higher incidence of colon cancer than rats fed with 5% corn oil for the same duration [49] . More recently, Rao et al. [50] reported that in rats fed with high-fat fish oil (x-3) and LFC (x-6), this exerted a similar protective effect on colon tumor development as compared to a high saturated fat diet. Our results are in agreement with all these reports. In addition, the duration for which these PUFAs are administered is also important in regulating the outcome of the therapy. The effects of x-3 and x-6 fatty acids on IBD need to be studied in long-term studies. It is necessary to assess whether the effects of these fatty acids on IBD are reversible and the relapse and remission rates for patients who become non-compliant to the dietary modifications. Very mild or no inflammation seen in animals from group 2 could be due to variation in the normal mucosa, as usually some inflammatory cells are always present in the colon.
The results of this study show that 1 H MRS combined with SCS methodology can detect differences in the prevalence of inflammation in the colon of animals fed with both low-fat and high-fat diets. It can also differentiate between the subtle changes caused by the different fatty acids on the colon of animals fed with specialized diet. The fact that both LFC and HFF subgroups showed very mild or no inflammation implies that both the amount and the type of fatty acid in the diet are crucial in modulating inflammation. Our approach has the potential to complement histological examination of colon biopsies. The role of 1 H MRS as an adjunct to histology for diagnosing and differentiating between Crohn's disease and ulcerative colitis has already gained some footing [6] . The results of the current study will facilitate future endeavors to determine the utility of 1 H MRS in assessing inflammation, disease progression and response to dietary modification augmenting the mainstream methods such as histology. In this study, we kept the level of fat the same, but the fatty acid composition was altered in different highfat diets. One of our future research goals is to conduct a study using different timelines for each dietary group of animals to show the temporal separation between biochemical and histological changes in IBD. Moreover, we will focus our study on the effect of individual fatty acids on colonic inflammation to understand their respective roles. We intend to use a combination of serum markers, 1 H MRS and histology at various time points. 
